Introduction
High-risk neuroblastoma is an aggressive pediatric malignancy with a poor outcome (1) . The addition of chimeric 14.18 (ch14.18, dinutuximab), a mAb that binds to disialoganglioside (GD2) expressed on neuroblasts, given with granulocyte macrophage colony stimulating factor (GM-CSF), IL2, and isotretinoin improves survival and is now included as part of standard treatment for patients with high-risk neuroblastoma (2) . Dinutuximab induces cell lysis through antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC; ref. 3) .
In the treatment of neuroblastoma, anti-GD2 mAbs have been administered at the end of therapy in the setting of minimal disease to avoid concurrent chemotherapy-induced immunosuppression and an adverse effect on ADCC. However, limited preclinical studies performed in neuroblastoma and clinical studies in adult malignancies have demonstrated synergistic effects of concurrent mAb therapy with chemotherapy, even in bulky disease (4) (5) (6) (7) (8) (9) (10) (11) . These reports support the evaluation of concurrent chemotherapy with anti-GD2 mAb therapy in the treatment of patients with high-risk neuroblastoma.
Toxicities including pain, hypotension, capillary leak, and hypersensitivity related to murine and chimeric anti-GD2 mAbs have limited their clinical use in a subset of patients (2, 12, 13) . In this study we used a humanized anti-GD2 mAb, hu14.18K322A, manufactured by Children's GMP, LLC at St. Jude Children's Research Hospital (Memphis, TN). Hu14.18K322A is an anti-GD2 mAb that retains the binding specificity of dinutuximab but is 98% human to reduce allergic reactions, has a single-point mutation designed to reduce pain associated with complement activation and is produced in a YB2/0 rat myeloma cell line which reduces fucosylation, thereby potentially enhancing ADCC (14) .
Here we describe the results of a pilot trial, which is the first to evaluate the novel combination of a humanized anti-GD2 mAb (hu14.18K322A) with cytotoxic chemotherapy in patients with recurrent or refractory neuroblastoma. IL2 and GM-CSF were administered with each cycle of therapy to augment hu14.18K322A-mediated ADCC (15) (16) (17) (18) (19) (20) (21) . In addition, we assessed the feasibility and tolerability of administering haploidentical natural killer (NK) cells, the primary effector cells for anti-GD2 mAb killing. Finally, we evaluated the pharmacokinetics of hu14.18K322A, and assessed for immune activation and the development of human antihuman antibodies (HAHA).
Patients and Methods

Patients
This study (GD2NK, NCT01576692) was approved by the Institutional Review Board in accordance with the U.S. Common Rule. Written informed consent was obtained from patients and/ or parents/legal guardians. All patients were treated at St. Jude Children's Research Hospital.
Patients were eligible for the trial if they were age 21 years at the time of enrollment, had recurrent or refractory neuroblastoma, and had evaluable disease by bone marrow morphology, computed tomography, magnetic resonance imaging, and/or iodine-123 metaiodobenzylguanidine (mIBG) scans. Patients were required to have an adequate performance score (Lansky or Karnofsky performance score !50), and were a minimum 2 weeks from last systemic therapy, 1 week from hematopoietic growth factors, 2 weeks from immunotherapy, 12 weeks for previous myeloablative therapy, and 2 weeks from radiation therapy. Patients were eligible to participate even if they were previously treated with anti-GD2 mAb or any of the chemotherapeutic combinations administered in the trial.
In addition, eligible patients required: absolute neutrophil count !750/mm 3 , unsupported platelet count !75,000 mm 3 , total bilirubin 2 times the upper limit of age-adjusted normal value (ULN), ALT 2.5Â ULN, and serum creatinine 1.5 times the ULN and a cardiac shortening fraction ! 27%prior to enrollment.
Patients were excluded if they were pregnant, breastfeeding, had an uncontrolled infection, prior severe allergic reaction to anti-GD2 mAb therapy, or a known hypersensitivity to other recombinant human antibodies.
NK-cell donors and collection
NK-cell donors were eligible if they were a biologic parent, !18 years, and HIV negative. NK-cell donors were excluded if they were pregnant or had a medical condition that, in the opinion of an independent non-study team physician, precluded performance of an apheresis procedure. In the event that there were two eligible donors, the donor was selected based on the killer immunoglobulin receptor (KIR) status, with the maximum number of donor KIR-recipient KIR-ligand mismatches. Donors underwent leukapheresis. The mononuclear cells were depleted of T cells by CD3 þ depletion with the ClinicMACS system then purified for CD56 þ NK cells as previously described (22) . Chimerism studies were performed by standard variable number of tandem repeats techniques (23) and engraftment was assessed by NK-cell phenotyping and direct measurement of surface expression of KIRs by flow cytometry.
Protocol therapy
Protocol therapy consisted of six courses of chemotherapy with concurrent hu14.18K322A, GM-CSF, and IL2. In courses 2, 4, and 6, patients could also receive a haploidentical NK-cell infusion (administered on day 7 or 8). Table 1 describes the doses and schedule of the courses including: cyclophosphamide/topotecan (courses 1, 2), irinotecan/temozolomide (courses 3, 4), and ifosfamide/carboplatin/etoposide (courses 5, 6). Hu14.18K322A was initiated on day 2 of each 21-day cycle and was given intravenously (over 4 hours), for 4 consecutive days. The dosage of hu14.18K322A was fixed at 40 mg/m 2 /dose, two dose levels below the single agent MTD (14) . All patients received premedications with acetaminophen and diphenhydramine. Patients were also started on a morphine (or equivalent) patient controlled analgesia pump prior to the mAb infusion. GM-CSF (250 mcg/m 2 /dose) was given subcutaneously starting 24 to 36 hours following chemotherapy until the ANC was >2,000 mm 3 or the patient met criteria to start the next course. Low-dose IL2 (1 million units/m 2 ) was administered subcutaneously every other day for six doses starting 1 day after completion of chemotherapy. One patient with SD as best response had significant clinical benefit (improved pain and quality of life) and the IRB approved for her to receive two additional courses of cyclophosphamide and topotecan with hu14.18K322A and cytokines (for a total of eight courses).
Toxicity assessment
Toxicity was graded according to the Common Terminology Criteria for Adverse Event v3.0. In this trial, unacceptable toxicities were defined as: (i) all grade 4 toxicities that did not return to baseline by day 35, (ii) use of pressors, (iii) need for mechanical
Translational Relevance
Despite dose-intensive treatment, less than half of the patients diagnosed with high-risk neuroblastoma survive and those who recur or progress during therapy often die of their disease. Over the past 7 years, the introduction of an anti-GD2 mAb in the setting of minimal residual disease and acting via antibody-dependent cell-mediated cytotoxicity (ADCC) has improved event-free survival rates of children with high-risk neuroblastoma by 20%. Preclinical studies performed in neuroblastoma and clinical studies in adult malignancies demonstrate a synergistic effect when chemotherapy is combined with mAbs. On the basis of this information, we conducted the first pilot trial that combined a humanized anti-GD2 mAb (hu14.18K322A) with chemotherapy, cytokines, and haploidentical natural killer cells for the treatment of recurrent or refractory neuroblastoma. Our results demonstrate that the therapy is feasible, has promising antitumor activity, and should be further studied in patients with relapsed and newly diagnosed neuroblastoma.
ventilation, and (iv) death from toxicity. Dose modifications of hu14.18K322A were allowed for: (i) hypotension during the infusion of hu14.18K322A (without concurrent hypersensitivity) and (ii) grade 1 or 2 hypersensitivity reaction.
If a patient developed hypotension, the hu14.18K322A infusion was stopped and fluid resuscitation was initiated. If blood pressure normalized, the hu14.18K322A infusion was resumed at 50% of the initial rate. For a grade 1 hypersensitivity reaction, the rate of the hu14.18K322A infusion was decreased to 50% and antihistamines were administered. For grade 2 hypersensitivity, the hu14.18K322A infusion was stopped and upon recovery was restarted at 50% rate. If the symptoms persisted, antihistamines were scheduled and treatment was delayed for 24 hours. If symptoms resolved within 24 hours, then antihistamines were continued and hu14.18K322A could resume at 50% rate.
All patients with grade 3 or 4 hypersensitivity were removed from the protocol.
Response evaluation
Patients had disease evaluations performed at baseline and following courses 2, 4, and 6. Tumor response was assessed using the RECIST criteria in patients with measureable disease by CT and/or MRI (24) . Patients with mIBG positive lesions were evaluable for mIBG response. The response of mIBG-avid lesions were reported using the Curie scale (25, 26) . Imaging for each time point was centrally reviewed by two radiologists. Bone marrow involvement was assessed using routine staining; bilateral evaluations were required. All bone marrow exams were reviewed on site. Disease response was determined by the study team. Disease response was assessed using the International Response Criteria (27) .
Pharmacokinetic and NK studies
All patients had blood samples (3 mL) drawn for pharmacokinetic studies of hu14.18K322A during each course on the first (day 2) and the last (day 5) day of hu14.18K322A. Levels were obtained: pre-hu14.18K332A infusion, post-infusion, and at hours 1, 8, and 20 post-infusion. A single blood sample was obtained on days 9, 12, 16, and 21 of each course. Measurement of hu14.18K322A in patient's sera was quantified using an ELISA previously described (28) (29) (30) (31) . Serum samples obtained on days 1, 2, 5, 9, 16, and 21 were also tested for soluble IL2 receptor alpha (sIL2Ra) levels. SIL2Ra was measured in the serum using a DuoSet ELISA Kit from R and D Systems Inc., as previously described (28) . Patients were also monitored for the development of human antihuman antibodies (HAHA). During each course on days 1, 9, and 21, a 3 mL blood sample was obtained and processed as previously described (28, 30, 31) .
NK-cell phenotyping was performed using flow cytometry to characterize the surface expression of KIR. NK-cell engraftment and phenotyping was assessed on days þ7 (prior to NK-cell infusion), þ14 (7 days after NK-cell infusion), and þ21 (14 days after NK-cell infusion). KIR genotyping and KIR-ligand assessment was performed.
Statistical analysis
A two-stage stopping rule was used to monitor for unacceptable toxicities in participants during the first two courses of therapy. Six patients were enrolled in the first stage. If two or more patients developed an "unacceptable toxicity" during the first two courses of treatment or did not recover to baseline organ function by day 35 of a course, then the regimen would be considered too toxic and the trial would close. If the stopping rule was not triggered, then participants could be enrolled until at least 12 participants completed the first two courses of therapy. Time to progression (TTP) was evaluated and defined as the time period between the start of treatment to the time of progression. Patients were censored if they had a significant adverse event leading to discontinuation of the study or if they received other cancer-directed therapy (in the setting of nonprogressive disease).
Pharmacokinetic parameters for individual patients were summarized using standard descriptive methods. Modeling was performed using NONMEM v7.3 (ICON) software running on gfortran and incorporated Wings for NONMEM and XPOSE4 for pre-and post-run processing.
ADCC evaluation of hu14.18K322A
The ADCC Reporter Bioassay (Promega) is an ADCC mechanism of action assay that quantifies the biologic activity of pathway activation by therapeutic antibodies. The Bioassay Core Kit was used to measure the ADCC activity of six lots of hu14.18K322A and two lots of dinutuximab at 12 time points over a 10-month period. The assay has been previously described and is further described in the supplementary data (Supplementary Fig. S1 ; ref. 32).
Results
Patient characteristics
Between April 2012 and August 2014, 13 patients (1 refractory, 2 partial responders and 10 recurrent) were enrolled. Patient characteristics are described in Table 2 . The patient population was heavily pretreated having received a median of three prior therapeutic regimens. Nine patients had prior anti-GD2 mAb therapy (6 with dinutuximab, 3 with hu14.18K322A) and 12 had prior myeloablative therapy with autologous stem cell rescue. All patients had previously received at least one of the chemotherapeutic regimens used in this trial (Table 5) .
Toxicity
Thirteen patients received 65 courses. One heavily pretreated patient (9 prior regimens) experienced an unacceptable toxicity of delayed platelet recovery (thrombocytopenia >35 days) following the first course and was removed from the study. This patient was replaced on study. Four patients discontinued treatment for adverse events, one each with: grade 3 hu14.18K322A allergic reaction (course 2), prolonged BK viral infection (course 5), death related to a surgical complication during primary tumor resection (course 3), and a second malignancy (myelodysplastic syndrome, course 5). The most common grade 3 and 4 toxicities were hematologic (Table 3) in courses 1 and 2 (cyclophosphamide/ topotecan/hu14.18K322A) and courses 5 and 6 (ifosfamide/ carboplatin/etoposide/hu14.18K322A). The median duration of GMCSF administered per course was 16.6 days (courses 1, 2), 8.9 days (course 3, 4), and 24.4 days (courses 5, 6). Only half of the patients experienced grade 3 and 4 hematologic toxicities in courses 3 and 4 (irinotecan/temozolomide/hu14.18K322A). All patients had grade 1 or 2 pain with hu14.18K322A infusion. Six patients required extending the infusion of hu14.18K322A from 4 to 8 hours (2 for hypotension, 2 for grade 2 hypersensitivity, 2 for physician discretion-1 tachycardia, 1 pain). Anemia  12  11  6  1  7  8  1  8  Leukopenia  13  11  4  2  2  4  9  8  Lymphopenia  3  10  11  3  3  2  3  9  8  Neutropenia  13  11  3  3  2  3  9  8  Thrombocytopenia  13  1  10  1  3  3  3  9 8
Pharmacokinetics
The combined median values for hu14.18K322A PK parameters are presented in Table 4 . The overall median T1/2 alpha and b were 1.6 and 9.2 days, respectively. Table 4 also includes the median data for three patients that received 40 mg/m 2 /dose (the same dose administered in this study) in the single agent phase I study (14) .
PK data of three subpopulations of patients (4 with no prior anti-GD2 mAb, 6 with prior dinutuximab, and 3 with prior hu14.18K322A exposure) are presented in the supplementary data (Supplementary Table S1 ; Supplementary Fig. S2 ). There was no significant effect of prior anti-GD2 mAb exposure on either the C max or AUC of hu14.18K322A in patients with prior anti-GD2 mAb exposure (Supplementary Fig. S2 ).
HAHA response
Three patients had an increase in HAHA greater than 0.7 OD units from baseline, which was considered a positive response in prior anti-GD2 mAb studies (14, 19, (28) (29) (30) (31) . Ten patients did not have a positive HAHA response. Two (one with prior hu14.18K322A exposure and one with no prior anti-GD2 mAb exposure) of the 3 patients with a HAHA response had high baseline HAHA values prior to initiating therapy (Supplementary  Table S2 and Supplementary Fig. S3 ). There was no association of HAHA with clearance, volume of distribution, T 1⁄2 , C max , and AUC using the Spearman test.
Soluble IL2R alpha
The sIL2 levels steadily increased during each course from baseline to days 5, 9, and 16 in all patients. Figure 1 shows the significant increase (P < 0.001 for each course) in sIL2 levels from baseline to day 16 for the first 4 courses. The change in sIL2 levels from baseline to day 16 was significantly larger (P ¼ 0.029) in course 1 compared to course 2. The increase from baseline to day 16 for course 2 was not significantly different from the change in course 3 (P ¼ 0.118) or course 4 (P ¼ 0.160). The change in sIL2 levels from baseline to day 16 was significantly larger in course 1 when no NK cells were received compared to course 2 when NK cells were received (P ¼ 0.029); however, there was no significant difference (P ¼ 0.986) in the change from baseline to day 16 between course 3 (no NK cells) and course 4 (NK cells).
NK cells
Eleven patients received 29 allogeneic NK-cell infusions (Supplementary Table S3 ). There were no complications with donor NK collection and NK administration to the patients. The median number of NK cells infused per dose was 15.5 Â 10 6 /kg (range, 4.7 Â 10 6 /kg to 59.5 Â 10 6 /kg). KIR ligand mismatch was evaluated. Mismatch was present at two ligands in four patients, one in six patients and zero ligands in two patients. There was no association between number of mismatched ligands and response to therapy. The day þ14 NK chimerism had a median of 2% donor-derived cells (range, 0-50%); day þ21 NK chimerism had a median of 0% donor-derived cells (range, 0-7%). The absolute NK-cell persistence per course is presented in the supplementary data (Supplementary Fig. S4 ).
Antitumor activity
The overall objective response rate was 61.5% (8/13 patients) with a complete response/very good partial response rate of 38 .5% (5/13 patients). Table 5 describes individual patient responses. None of the patients progressed while on treatment and 10 of 10 patients with symptomatic disease at the time of enrollment had improvement in symptoms. The median TTP was 274 days (range, 239-568 days). Four patients completed therapy and received additional therapy: one with a complete response received cis-retinoic acid, two with a partial response received focal consolidative radiation, one with stable disease received mIBG therapy. Those four patients were censored at the time new therapy was initiated, median time to censoring was 201 days (range, 194-456 days). Four patients were censored due to adverse events requiring discontinuation of the trial. For all 13 patients, 10 patients survived 1-year. The 1-year survival rate was 77% (95% CI, 48-93%).
ADCC assessment
The ADCC activity of six cGMP lots of hu14.18K322A were compared to two clinical lots of dinutuximab. 
Discussion
This trial demonstrates the feasibility, tolerability, and safety of administering an anti-GD2 mAb hu14.18K322A with chemotherapy, cytokines, and NK cells in children with recurrent/refractory neuroblastoma. The therapy was tolerated with expected pancytopenia related to the chemotherapeutic agents and mild pain related to hu14.18K322A. Clinical benefit was evident in all patients and none progressed while receiving therapy.
Historically, patients with recurrent and refractory neuroblastoma have response rates of 15% to 50% with the chemotherapeutic regimens used here (33) (34) (35) (36) (37) , with very few patients experiencing a complete response. In this trial, the overall response rate was 61.5% with 38.5% (5/13 patients) experiencing a complete response (CR) or very good partial response (VGPR) and the majority had previously received the same chemotherapeutic combinations and anti-GD2 mAb therapy. The responses support the benefit of concurrent anti-GD2 mAb therapy plus chemotherapy in recurrent or refractory neuroblastoma.
Response to therapy in neuroblastoma is difficult to assess because disease in the bone and bone marrow is frequently not "measureable" using standard response criteria. To address this, London and colleagues reviewed 489 patient enrollments from 384 patients with recurrent/refractory neuroblastoma treated with 36 phase I or II COG trials from 2002 to 2014 (38) . Eleven of the 36 trials included multiagent treatment regimens. They reported that the median TTP of the historical cohort was 63 days. Fox and colleagues also validated the utility of using TTP as a valuable study endpoint to identify novel active agents in children with recurrent/refractory neuroblastoma (39) . In their retrospective study of 136 patients enrolled in five phase I or II trials, the median TTP was 42 days.
In our study, patients were eligible to receive six courses of therapy and the median TTP was 274 days. This trial was limited by the small number of patients enrolled and the number of patients who were censored for toxicity or starting a new therapy. If we include the patients that were censored for Table 5 . Prior therapy, response and TTP for 13 patients with recurrent and refractory neuroblastoma Pt. no. toxicity related to therapy and assess the time to treatment failure (including discontinuation of the trial for toxicity or progressive disease), then the median time to treatment failure is 250 days. In either case, a TTP of 274 days or time to treatment failure/progression of 250 days is clinically significant when compared to 42 to 63 days reported using similar patient groups (38, 39) , further suggesting that the combination of anti-GD2 mAbs with chemotherapy in the treatment of children with neuroblastoma warrants further study.
Because anti-GD2 mAbs mediate lysis of tumor cells primarily through ADCC, we wanted to measure the ADCC of hu14.18K322A in vitro and compare it to commercially available dinutuximab. Previously, Sorkin and colleagues reported that although hu14.18K322A retained ADCC, there was a slight decrease in the ADCC activity of hu14.18K322A compared to dinutuximab (40) . In our studies using a bioreporter assay, we demonstrate that the concentration of hu14.18K322A required to lyse cells (EC 50 ) is consistently 3.5-to 4-fold lower than that of dinutuximab. These results were confirmed using numerous lots of mAb, tested over varying time points and suggest that the ADCC of hu13.18K322A may be more robust than that of dinutuximab. Improved ADCC of hu14.18K322A may be related to decreased fucosylation of mAb as demonstrated by Gillies and colleagues (41) , which suggests that there may be an optimal level of fucosylation for ADCC activity. Further studies are ongoing to optimize the mAb.
The pharmacokinetic studies confirmed that the addition of chemotherapy and/or prior anti-GD2 mAb exposure did not affect the PK of hu14.18K322A. Further, for patients with mild HAHA fluctuations, there was no pattern identified throughout treatment. These data suggest that the observed HAHA responses were different from typical "antibody immunization responses," whereby the HAHA response increases with repeated exposure to mAb. For the three patients with an increased HAHA response >0.7 OD units, this response did not influence the PK of hu14.18K322A therapy as assessed by Cmax values. This contradicts prior studies which demonstrated declining C max values in subsequent treatment courses once a patient develops a strong HAHA or human anti-chimeric antibody (HACA) response (14, 30, 31) . The attenuation of HAHA response and lack of HAHA influence on C max values is likely associated with concurrent chemotherapy administration, as demonstrated in a study using a murine anti-GD2 mAb (42) .
Prior anti-GD2 antibody exposure did not influence the development of a HAHA response in this study. Three of the four patients who had never received anti-GD2 mAb therapy had detectable HAHA in their baseline serum sample, prior to receiving hu14.18K322A. These HAHA antibodies are likely anti-allotypic antibodies against alloantigens on allogeneic IgG, which developed as a result of prior blood product transfusions (43) . Although the concurrent chemotherapy may have attenuated the HAHA response, this regimen which also included GM-CSF and IL2 resulted in a sustained increase in the sIL2Ra, which is a marker of immune activation (44) . The change in sIL2 levels from baseline to day 16 was significantly larger in course 1 when no NK cells were received compared to course 2 when NK cells were received, however there was not a significant difference in the change between course 3 (no NK cells) and course 4 (NK cells; P ¼ 0.986). It is likely that the concurrent chemotherapy also modulated the sIL2R response rather than the NK-cell infusions.
These data indicate that prior exposure to mAb (hu14.18K322A or dinutuximab) did not negatively affect subsequent therapy with combined hu14.18K322A and chemotherapy. Further, the HAHA responses did not lead to toxicities or change in the PK parameters. Thus, it is possible that this regimen could be appropriate as first-line therapy, without concern that it would interfere with subsequent use of hu14.18K322A in maintenance and/or it could be considered as salvage therapy for patients who failed prior anti-GD2 mAb therapy. The PK values when 20 0 Pre (n = 13) Pre (n = 11) D16 (n = 12) D16 (n = 10) Pre (n = 11) D16 (n = 10) Pre (n = 9) D16 (n = 9) In conclusion, we demonstrate that hu14.18K322A can be safely combined with three standard neuroblastoma chemotherapeutic regimens, cytokines, and NK cells in the treatment of recurrent or refractory neuroblastoma. In addition to fewer toxicities (45), hu14.18K322A may also have improved ADCC when compared to dinutuximab. The addition of chemotherapy did not alter the PK of hu14.18K322A, and the development of HAHA did not lower C max or change the AUC. The promising response rate and delayed TTP signal indicates that the addition of hu14.18K322A with chemotherapy and cytokines has significant clinical impact and should be evaluated further. In this limited pilot study, the therapeutic role of allogeneic NK cells cannot be determined. Based on these results, this novel approach of anti-GD2 mAb plus chemotherapy and cytokines is being evaluated in a phase II trial for patients with newly diagnosed high-risk neuroblastoma at our center (46) .
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